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ReportCalcium Mediates Bidirectional
Growth Cone Turning Induced
by Myelin-Associated Glycoprotein
gradient can be converted to attraction by elevating
cAMP (Songet al., 1998). Because the depletionof extra-
cellular Ca2 ([Ca2]o) abolishes both repulsive and at-
tractive turning induced by MAG (Song et al., 1998), and
both MAG (Wong et al., 2002) and Nogo (Bandtlow et al.,
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1993; Loschinger et al., 1997) induce [Ca2]i elevations, it
appears that Ca2 may mediate MAG signaling, similar
to that found for netrin-1-induced turning (Hong et al.,Summary
2000; Ming et al., 2002). However, two outstanding is-
sues concerning Ca2 and cAMP signaling at the growthCytoplasmic second messengers, Ca2 and cAMP,
regulate nerve growth cone turning responses in- cone remain unresolved. First, the precise spatiotempo-
ral pattern of Ca2 signals, whether it is the magnitudeduced bymany guidance cues, but the causal relation-
ship between these signaling pathways has been un- or polarity of Ca2 signals, that leads to attractive versus
repulsive turning induced by natural factors is unclear.clear. We here report that, for growth cone turning
induced by a gradient of myelin-associated glycopro- Second, the causal relationship between Ca2- and
cAMP-dependent signaling remains to be determined.tein (MAG), cAMP acts by modulating MAG-induced
Ca2 signaling.Growthcone repulsion inducedbyMAG In cultured Xenopus neurons, attractive and repulsive
turning of growth cones can be inducedbyan extracellu-was accompanied by localized Ca2 signals on the side
of the growth cone facing the MAG source, due to lar gradient of a low or high concentration of ryanodine,
respectively (Hong et al., 2000). Ryanodine is known toCa2 release from intracellular stores. Elevating cAMP
signaling activity or membrane depolarization enhanced open Ca2 release channels in the ER membrane at
low concentrations but blocks these channels at highMAG-induced Ca2 signals and converted growth cone
repulsion to attraction. Directly imposing high- or low- concentrations (Zucchi and Ronca-Testoni, 1997). Thus,
a gradient of high-concentration ryanodinemight induceamplitude Ca2 signals with an extracellular gradient
of Ca2 ionophore was sufficient to trigger either at- a reverse Ca2 gradient across the growth cone (Hong
et al., 2000). On the other hand, focal elevation of [Ca2]itractive or repulsive turning, respectively. Thus, dis-
tinct Ca2 signaling, which can bemodulated by cAMP, by photoactivated release of caged Ca2 on one side
of the growth cone can result in repulsive turning awaymediates the bidirectional turning responses induced
by MAG. from the irradiated side (Zheng, 2000; Wen et al., 2004).
However, the magnitude and polarity of [Ca2]i elevation
across the growth cone in response to a gradient of aIntroduction
natural factor such as MAG remain to be determined.
In the present study, we first showed that MAG in-Myelin-associated glycoprotein (MAG), a key inhibitory
component in the myelin of the central nervous system duces a transient and polarized [Ca2]i increase at the
growth cone that is higher on the side facing the MAG(McKerracher et al., 1994; Mukhopadhyay et al., 1994;
Schafer et al., 1996), is partly responsible for preventing source before the onset of repulsive turning. This Ca2
signal is caused by Ca2 release from intracellular storesaxon regeneration after spinal cord injury. A soluble form
of MAG, which is released endogenously from myelin rather than Ca2 influx through the plasma membrane.
Furthermore, we found that increased cAMP signaling,(Sato et al., 1982), inhibits neurite outgrowth (Tang et al.,
1997) and induces repulsion of neuronal growth cones which induces switching of the MAG-induced turning
response from repulsion to attraction, elevates basal(Song et al., 1998) in cell cultures. Recent studies (Do-
meniconi et al., 2002; Liu et al., 2002; Wang et al., 2002; growth cone [Ca2]i and leads to a higher MAG-induced
Ca2 signal. We then confirmed the notion that gradientsWong et al., 2002) have shown that MAG binds with high
affinity to the Nogo-66 receptor (NgR), which forms a of high and low Ca2 signals of the same polarity are
complex with the low-affinity panneurotrophin receptor sufficient to trigger attractive and repulsive turning, re-
p75NTR to mediate its cytoplasmic signaling. Activation spectively, using an extracellular gradient of Ca2 iono-
of the NgR-p75NTR receptor complex by MAG leads to phore in the presence of defined [Ca2]o. To further ad-
an increase in cytoplasmic Ca2 ([Ca2]i) (Wong et al., dress the causal relationship between Ca2 and cAMP
2002) and activation of protein kinase C (PKC) (Sivasan- signaling, we showed that attractive turning induced by
karan et al., 2004), the small GTPase RhoA, and its ef- direct [Ca2]i elevation with an ionophore gradient is
fector Rho-associated kinase (Yamashita et al., 2002). independent of cAMP signaling, whereas turning in-
Although the signal transduction pathway underlying duced by a cAMP gradient requires [Ca2]i elevation in
the growth cone’s responses to MAG remains to be the growth cone. Taken together, these findings support
fully elucidated, Ca2 and cAMP appear to play key the notion that modulatory cAMP signals can act by
regulatory roles. In spinal neuron cultures, repulsive elevating [Ca2]i to convert MAG-induced repulsion to
growth cone turning induced by an extracellular MAG attraction and that bidirectional growth cone turning
responses are mediated by [Ca2]i elevations of the
same polarity but differing magnitudes.*Correspondence: mpoo@uclink.berkeley.edu
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Figure 1. Localized Ca2 Signals in the
Growth Cone Induced by an Extracellular
MAG Gradient
(A) Fluorescence images of the growth cone
of a cultured spinal neuron, which was coin-
jected with the Ca2 indicators Oregon green
BAPTA-dextran (FG) and Fura red (FR), are
shown in pseudocolor, with blue and white
representing lowest and highest intensities,
respectively. The time (in min) before and
after onset of the MAG gradient (arrows) and
regions of interest (ROIs) used to quantify
fluorescence intensities on either side of the
growth cone (F and B) are indicated (boxes
in top left panel). Scale bar equals 10 m.
(B) Traces depict [Ca2]i, determined from the
mean fluorescence ratio (FR  FG/FR) within
each ROI shown in (A), before (I) and after (II
and III) exposure to a MAG gradient. Yellow
and purple traces indicate the FR (acquired
every 3 s) at the “front” (FRF) side of the
growth cone facing the MAG gradient or the
opposite “back” (FRB) side, respectively.
(C) Data points show the FR within each ROI
in (A), normalized to the mean FR during the
2 min period before onset of the MAG gradi-
ent (0, arrowhead). Arrows, time points repre-
senting the start of each trace in (B).
(D) Summary of all growth cones imaged as in
(B), showing aMAG-induced [Ca2]i increase.
Data points (15 s bins) represent the FRF/FRB,
normalized to the mean FRF/FRB during the 2
min period before onset of the MAG gradient
(arrowhead) for each case (different symbols
represent different growth cones).
Results six experiments in which Ca2 gradients were mapped
in the form of normalized ratios of [Ca2]i on the two
sides. Gradients of Ca2, which were detected in 5/6A MAG Gradient Induces a Gradient of Ca2
Signals in the Growth Cone cases during this time frame, always exhibited the same
polarity, with [Ca2]i highest on the side of the growthIn cultures of Xenopus spinal neurons, an extracellular
gradient of MAG applied to the growth cone induced an cone facing the MAG source. The existence of such
localized Ca2 transients supports the notion that Ca2elevation of [Ca2]i (Figure 1A) and caused a subsequent
repulsive turning of the growth cone (see also Figure 3; signals can convey directional cues provided by the
MAG gradient.Song et al., 1998; Wong et al., 2002). The amplitude of
[Ca2]i elevation in the growth cone, as monitored by It has been shown that growth cone turning responses
induced by netrin-1 require both Ca2 influx throughfluorescence ratio imaging with the Ca2-sensitive probes
Oregon green BAPTA and Fura red, corresponded to an plasmalemmal Ca2 channels and Ca2-induced Ca2
release from internal stores (Hong et al., 2000).We there-average [Ca2]i elevation throughout the growth cone of
about 45 nM over the basal level of 65 nM (see Experi- fore examined the source of MAG-induced Ca2 signals.
As shown in Figures 2A and 2B, we found that treatmentmental Procedures). This increase (4% in the fluores-
cence ratio; Figures 2A and 2B) was about half of that of the culture with thapsigargin (Thastrup et al., 1990),
which depletes internal Ca2 stores, abolished MAG-associated with the attractive turning induced by a ne-
trin-1 gradient (Honget al., 2000;Minget al., 2002).When induced Ca2 signals. Treatment with a high concen-
tration of ryanodine, which inhibits Ca2 release fromfluorescence imaging was taken at a time resolution of
3 s, we noted more frequent transient elevations of ryanodine-sensitive channels in the ER, also reduced
MAG-induced Ca2 signals. In contrast, treatment with[Ca2]i on the side of the growth cone facing (“F”) the
MAG gradient than the back side (“B”) (Figures 1A–1C). Cd2 (50 M) or La3 (100M), which are known to block
plasmalemmal Ca2 channels, had no effect on MAG-This led to localized Ca2 transients across the growth
cone, each lasting for tens of seconds. These gradients, induced Ca2 signals. Thus, unlike netrin-1-induced at-
traction, MAG-induced repulsive Ca2 signals do notwhich were absent during the control period, appeared
within minutes after onset of the MAG gradient but be- require Ca2 influx, but Ca2 release from internal stores
is required in both cases.fore repulsive growth cone turning could be detected.
Figures 1A–1C depict the time course of [Ca2]i changes
during the first 10 min after the onset of a MAG gradient, Cyclic AMP Modulates MAG-Induced Ca2 Signals
Previous studies (Song et al., 1998) have shown thatwith fluorescence ratios assayed at two sides of the
growth cone. Figure 1D summarizes the results of all uniform bath application of membrane-permeable cAMP
Ca2 Mediates MAG-Induced Growth Cone Turning
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analog Sp-cAMPS (20 M), which leads to activation of
protein kinase A (PKA), indeed increased [Ca2]i (Figure
2C and Supplemental Figure S1A at http://www.neuron.
org/cgi/content/full/44/6/909/DC1/). Importantly, in the
presence of elevated cAMP, a MAG gradient induced a
further [Ca2]i elevation, which superimposed on top of
the higher basal [Ca2]i. This resulted in a larger Ca2
signal, as compared to that induced by the MAG gradi-
ent alone (Figure 2C). The MAG-induced Ca2 signals
were not suppressed by incubation with Rp-cAMPS
(data not shown), a competitive antagonist of cAMP
for PKA, suggesting that the effects of MAG are not
mediated by cAMP signaling (see alsoMing et al., 2001).
Furthermore, in the presence of elevated cAMP, a gradi-
ent of MAG continues to induce asymmetric [Ca2]i ele-
vations in the growth cone, with [Ca2]i highest on the
side facing the source of MAG (Supplemental Figure
S1B). Taken together, these results support the notion
that although cAMP is not directly in the MAG signaling
pathway, it can regulate MAG-induced growth cone
turning by modulating the absolute [Ca2]i of the growth
cone, with a lower level (100 nM) mediating repulsive
turning and a higher level (200 nM) mediating at-
traction.
Ca2 Signals Are Essential for MAG-Induced
Bidirectional Turning
If higher Ca2 signals mediate the attractive turning in-
duced by a MAG gradient, direct elevation of [Ca2]i in
the growth cone should convertMAG-induced repulsion
to attraction. We tested this idea by depolarizing the
neuron with an elevated K concentration in the external
solution (from 1.3 to 9.3 mM). This treatment caused
Figure 2. Origin of MAG-Induced Ca2 Signals and Modulation by a significant elevation of [Ca2]i (Figure 2C) that wascAMP
sustained for a period of at least 90min (data not shown).
(A) Summary of growth cone [Ca2]i changes induced by a MAG As shown in Figure 2C, aMAGgradient induced a furthergradient, either alone (MAG) or after treatment with Cd2 (50 M)
increase of [Ca2]i on top of the higher basal [Ca2]i,or thapsigargin (250 nM; thaps). Images were acquired every 30 s
similar to that found with elevated cAMP (Figure 2C andand the fluorescence ratio (FR) was normalized as in Figure 1C.
Data are the mean  SEM (1 min bins; n  29, 11, and 9, for MAG, Supplemental Figure S1A). When the turning response
Cd2, and thaps, respectively). to a MAG gradient was examined in the normal K solu-
(B and C) Summary of percent changes in growth cone [Ca2]i, tion (1.3 mM), marked repulsion was observed as ex-
determined as in (A).
pected (Figure 3). However, in the presence of the high(B) Changes in [Ca2]i in response to gradients of saline solution
K external solution (9.3 mM), we found that MAG-(contrl) or MAG, either alone or after treatment with Cd2 (50 M),
induced repulsion of growth cones was converted toLa3 (100 M), thapsigargin (250 nM; thaps), or ryanodine (100 M;
ryan). The mean FR measured 5–15 min after onset of the gradient attraction. Thus, the level of [Ca2]i appears to determine
was normalized to the mean FR for the 5 min period prior to the the polarity of MAG-induced turning responses.
gradient onset. If Ca2 signals are necessary to mediate both attrac-
(C) Changes in [Ca2]i in response to a 30 min treatment (with 20 tive and repulsive growth cone turning induced by a
M Sp-cAMPS, 20 M Sp-cAMPS and 100 M La3, 20 M Sp-
MAG gradient, then growth cones should lose their re-cAMPS and 250 nM thapsigargin, or 9.3 mM K), in the absence or
sponsiveness to MAGwhen Ca2 signals are suppressed.presence of a subsequent MAG gradient. The mean for data points
acquired during the last 10 min of each 30 min treatment or 5–15 To test this, neurons were preincubated with BAPTA-
min after onset of the MAG gradient were normalized to the mean AM (1 M), which prevents elevation of [Ca2]i by its
value for the 10 min period prior to any treatment. Data are the effective Ca2 buffering capacity. Growth cone turning
mean  SEM (n  the number associated with each bar; *p 
assays were then performed in a 35 nM Ca2 external0.01, compared to the external solution control [B] or bracketed
solution (see Experimental Procedures). As shown incomparison [C]; Mann-Whitney U-test).
Figure 3, under this essentially Ca2-free condition, the
trend was no preferential growth cone turning response
to the MAG gradient. In support of this finding, inhibitinganalogs results in a conversion of MAG-induced growth
cone turning from repulsion to attraction. To understand Ca2 release from internal stores by treatment with thap-
sigargin or ryanodine also suppressed MAG-inducedthe interaction between cAMP and Ca2 signals, we first
examined whether cAMP-induced switching of growth repulsive turning (Figure 3B). However, repulsive turning
induced by MAG was not inhibited by treatment withcone turning is due to a cAMP-dependent modulation
of Ca2 signals. We found that incubation with the cAMP Cd2, indicating that Ca2 influx is not essential. These
Neuron
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Ca2 Signals Are Sufficient for Triggering
Bidirectional Turning
If high- and low-level Ca2 signals mediate MAG-
induced attractive and repulsive turning of the growth
cone, respectively, a gradient of high- and low-Ca2
signals created in the absence of any MAG gradient
should cause similar growth cone turning responses.
This idea was tested by the following experiments. Cul-
tured spinal neurons were incubated in a bathing solu-
tion containing distinct preset Ca2 levels, using defined
concentrations of EGTA and Ca2 (see Experimental
Procedures). An extracellular gradient of ionomycin (Liu
and Hermann, 1978), a Ca2-selective ionophore that
renders the plasma membrane permeable to Ca2, was
used to establish a gradient of Ca2 across the growth
cone. As shown in Figure 4A, the average growth cone
[Ca2]i was elevated soon after exposure to the iono-
mycin gradient. Measurements across the growth cone
showed that a gradient of [Ca2]i can be established by
the ionomycin gradient (Figure 4B). In the presence of
ionomycin, the maximal [Ca2]i is set by [Ca2]o. For the
assay of growth cone turning, we first set [Ca2]o to a
level measured in the growth cone during attraction (200
nM; see Figure 2C). We found that a gradient of iono-
mycin indeed caused growth cone attraction (Figures
4C and 4D). We next set [Ca2]o at 75 nM, which corre-
sponds to a level measured in the growth cone during
repulsion (see Figure 2). To ensure precise control of
[Ca2]i by [Ca2]o at this low level, thapsigargin (100 nM)
was added 30 min before the onset of the experiment
to deplete Ca2 from the intracellular stores. Under this
condition, we found that growth cones indeed exhibited
repulsive turning in the ionomycin gradient (Figures 4C
and 4D). To confirm that Ca2 signals are necessary for
an ionomycin gradient to trigger growth cone turning,
we further reduced [Ca2]o to a low level of 35 nM (see
Experimental Procedures) and found no preferential
turning under this condition. This latter experiment also
Figure 3. Ca2 Signals Mediate Growth Cone Turning Responses
served as a control to show that turning responses wereInduced by MAG
not due to factors unrelated toCa2. Finally, at intermedi-
(A) Images of the growth cone of a cultured spinal neuron at the
ate levels of 55 and 135 nM, we observed no preferentialonset (left) and the end (right) of a 1 hr exposure to a MAG gradient
turning (Figure 4D). Taken together, these results show(arrow). Superimposed traces show the trajectory of neurite exten-
sion during the 1 hr period. Assays were done in normal saline that distinct Ca2 signals are sufficient to trigger both
(Control), depolarizing saline (9.3 mM [K]o), or low Ca2 saline attractive and repulsive growth cone turning.
(EGTA) for neurons preloaded with BAPTA-AM. Scale bar equals To further elucidate the causal relationship between
10 m. Ca2 and cAMP signaling in triggering growth cone turn-
(B) Average turning angles for the data in (A) and for growth cones
ing, we examined whether Ca2 signals can cause turn-exposed to a MAG gradient after treatment with thapsigargin (250
ing responses independent of cAMP signaling activitynM; Thaps), ryanodine (100 M), and Cd2 (50 M). Data are the
mean  SEM (n  the number associated with each bar; *p  0.02 in the growth cone. Addition of Rp-cAMPS (20 M) to
and **p  0.001, compared to the MAG alone control; Kolmogorov- the culture did not abolish the attractive turning in the
Smirnov test). ionomycin gradient with 200 nM [Ca2]o, indicating that
the attractive turning responsedoes not require cAMPsig-
naling.
results are consistent with the previous finding (Song
et al., 1998) that growth cones show no preferential Ca2 Signals Are Necessary for Turning Induced
turning to a gradient of MAGwhen Ca2 is removed from by a cAMP Gradient
the external bathing solution, which presumably lowers Extracellular gradients of forskolin or the membrane-
[Ca2]i. Taken together, we conclude that Ca2 signaling permeable cAMP analog 8-Br-cAMP are known to in-
is essential for MAG-induced bidirectional turning re- duce attractive turning of these neuronal growth cones
sponses: high-level Ca2 signals correlatewith attractive (Lohof et al., 1992; Song et al., 1997). Since our results
turning,whereas low-levelCa2 signals correlatewith re- have shown that a Ca2 gradient can mediate growth
cone turning in the absence of cAMP signaling, it is ofpulsion.
Ca2 Mediates MAG-Induced Growth Cone Turning
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Ca2 signal across the growth cone. As shown in Figure
5, an extracellular gradient of 8-Br-cAMP was indeed
capable of inducing a substantial elevation of [Ca2]i,
with higher elevation on the side of the growth cone
facing the source of cAMP (Figure 5A). We next exam-
ined whether Ca2 signals are required for attractive
turning induced by the cAMP gradient. Turning assays
were performed in a 35 nM [Ca2]o solution with or with-
out loading the neurons with BAPTA-AM (1M). Consis-
tent with a previous report (Lohof et al., 1992), growth
cones exhibited attractive turning to a gradient of either
forskolin or 8-Br-cAMP in the absence of BAPTA-AM
loading (Figures 5B and 5C). In contrast, no preferential
turning responses to the 8-Br-cAMP or forskolin gradi-
ent were observed in neurons preloaded with BAPTA-
AM. Thus, Ca2 signals are necessary and most likely
mediate attractive turning in a gradient of cAMP signal-
ing activity, which may be induced by a number of axon
guidance cues.
Discussion
The findings of the present work may provide new in-
sights into the signalingmechanisms thatmediate repul-
sive and attractive growth cone turning induced by a
natural factor, MAG. First, we made direct measure-
ments of the MAG-induced spatiotemporal profile of
Ca2 signals in the growth cone during attractive and
repulsive turning. Second, we characterized quantita-
tively the precise level of Ca2 signaling in the growth
cone that induces either attractive or repulsive turning.
Third, we addressed specifically the relationship be-
tween cAMP-dependent modulation and Ca2 signaling
in growth cone guidance.
MAG-Induced Bidirectional Growth Cone Turning
Appropriate responses of the growing axon to extracel-
lular factors are critical for axon pathfinding during early
Figure 4. Ca2 Signals Can Directly Mediate Bidirectional Growth development and for axon regeneration after nerve in-
Cone Turning
jury. Previous studies have shown that the well-known
(A) An example showing growth cone [Ca2]i changes in response inhibitory action of MAG (McKerracher et al., 1994; Muk-
to an ionomycin gradient (bar) in an external solution containing 200
hopadhyay et al., 1994; Schafer et al., 1996) is reflectednM Ca2. Data points are the fluorescence ratio (FR) normalized to
by the repulsive growth cone turning induced by a MAGthe mean FR obtained during the 5 min period before onset of the
ionomycin gradient. gradient applied across the growth cone at an oblique
(B) An example showingCa2 gradientsmeasured across the growth angle. Such MAG-induced repulsion of growth cones
cone in response to an ionomycin gradient (bar) similar to (A). The can beconverted to attraction by elevating cAMPsignal-
mean FR within ROIs at the front (facing the ionomycin gradient; ing activity, by incubation with membrane-permeable
FRF) and the back (FRB) of the growth cone were measured as in
cAMP analogs (Song et al., 1998). The same conversionFigure 1D. Data (15 s bins) are the FRF/FRB normalized to the mean
was also found when the neuron was exposed to a briefvalue measured during the 2 min period before onset of the iono-
mycin gradient. period of electrical stimulation that in turn elevates the
(C) Superimposed traces depict the trajectories of neurite extension endogenous production of cAMP through a Ca2-depen-
in response to an ionomycin gradient (arrows). Extracellular Ca2 dent adenylate cyclase (Ming et al., 2001). Furthermore,
was adjusted to 35–200 nM, as indicated. Thapsigargin (100 nM) depleting extracellular Ca2 abolished both attractive
was present in the external solutions containing 35 and 75 nM Ca2.
and repulsive turning of the growth cone in response toRp-cAMPS (20M)was added as indicated. Scale bar equals 10m.
a MAG gradient (Song et al., 1998). In the present study,(D) Average turning angles (mean  SEM) for the data in (C) and
those obtained with [Ca2]o adjusted to 135 and 55 nM, as indicated we showed that a MAG gradient induces both attractive
(n  the number associated with each bar; *p  0.001, compared and repulsive turning by releasing Ca2 from internal
to the 200 nM [Ca2]o group; Kolmogorov-Smirnov test). stores, which establishes a cytoplasmic Ca2 gradient
at the growth cone on top of a high or low basal [Ca2]i,
respectively. The effect caused by the depletion ofinterest to know whether a cAMP gradient can induce
turning in the absence of Ca2 signaling. We first deter- [Ca2]o found previously (Song et al., 1998) is most likely
due to the indirect depletion of internal Ca2 stores andmined whether a gradient of cAMP signaling induces a
Neuron
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lowering of basal [Ca2]i. Importantly, cAMP-dependent
switching of the growth cone turning response can be
attributed to modulatory actions of cAMP on events
upstream from Ca2 signaling (see Figure 5D).
Relationship between cAMP and Ca2 Signaling
Cyclic AMP andCa2 are prominent secondmessengers
with numerous cytoplasmic effectors that could partici-
pate in the neuron’s response to MAG. Furthermore,
cAMP and Ca2 signals can interact with each other. For
example, Ca2-induced activation of Ca2-dependent
adenylate cyclase elevates the endogenous cAMP level
(Tang et al., 1991; Choi et al., 1992; Xia and Storm, 1997),
and the consequent activation of PKA can modulate
membrane Ca2 channels, leading to an increase in Ca2
influx through the plasma membrane (Sculptoreanu et
al., 1993) or Ca2 release from internal stores (Furuichi
et al., 1994; Hain et al., 1995; Bruce et al., 2002). In the
present study, we demonstrated directly that elevation
of cAMP can induce immediate [Ca2]i elevation in the
growth cone (see Figures 2C and 5A and Supplemental
Figure S1). Conversely, Ca2 elevations in these cultured
spinal neurons can also lead to a rise of cAMP levels
(Gorbunova and Spitzer, 2002). Given this reciprocal
relationship between Ca2 and cAMP and the finding
that a gradient of membrane-permeable cAMP analogs
or forskolin can trigger attractive turning of the growth
cone of these Xenopus neurons (see also Figures 5B
and 5C; Lohof et al., 1992; Song et al., 1997), one might
expect that MAG-induced Ca2 signals could trigger a
cAMP gradient, which in turn mediates the turning re-
sponse. However, our results showed that this is not
the case. We found that the attractive turning induced
directly by aCa2gradient is independent of cAMPactiv-
ity (see Figure 4), whereas the attractive turning induced
by a cAMP gradient requires [Ca2]i elevation (see Fig-
ures 5A–5C). Thus, although a cAMPgradient can trigger
growth cone turning even in a low [Ca2]o medium (Lohof
et al., 1992; see also Figures 5B and 5C), our results
suggest that this cAMPeffectmay bemediatedby creat-
ing a Ca2 gradient through internal release of Ca2.Figure 5. Focal Ca2 Signals in the Growth Cone Mediate Attractive
Turning Induced by a cAMP Gradient Finally, uniformly elevating cAMP activity in the growth
(A) An example showing Ca2 gradientsmeasured across the growth cone by treatment with Sp-cAMPS, which should satu-
cone (FRF/FRB, see Figure 1D) after onset of a 8-Br-cAMP gradi- rate and thereby prevent any gradient of cAMP activity,
ent (arrowhead). does not abolish the attractive turning response induced
(B) Summary of growth cone turning in response to a gradient of
by a MAG gradient (Song et al., 1998), arguing against8-Br-cAMP or forskolin. Turning assays were done in 35 nM Ca2
the notion that a cAMP gradient mediates MAG-saline, and neurons were preloaded with BAPTA-AM where indi-
induced turning.cated. Scale bar equals 10 m.
(C) Average turning angles of the data shown in (B) and for turning
induced by a forskolin gradient without BAPTA-AM loading. Data Ca2 as a Mediator of Growth Cone Turning
are the mean  SEM (n  the number associated with each bar; Global [Ca2]i elevation in the growth cone can regulate*p  0.02, compared to the 8-Br-cAMP alone group; Kolmogorov-
growth cone motility and slow neurite extension (KaterSmirnov test).
and Mills, 1991; Gu and Spitzer, 1995). However, attrac-(D) A model for cAMP-dependent modulation of Ca2 signals that
mediate bidirectional growth cone turning induced byMAG. A gradi- tive turning induced by a gradient of attractants corre-
ent of MAG receptor activation induces Ca2 release from internal lates with a focal [Ca2]i elevation on the side of the
stores, leading to a gradient of low-level [Ca2]i elevation that is growth cone facing the source of attractant (Zheng et
highest on the side of the growth cone facing the MAG source. This al., 1994; Hong et al., 2000). For Ca2 to serve as a
causes repulsive growth cone turning. Coincident elevation of cAMP
mediator of MAG-induced turning responses, it shouldthrough a parallel signaling pathway can also lead to Ca2 release
satisfy at least three criteria. First, [Ca2]i elevation infrom internal stores, creating a high-level [Ca2]i elevation that trig-
gers attractive growth cone turning. Thus, cAMP elevations can the growth cone should be required for MAG-induced
impinge on MAG-induced Ca2 signals and perhaps downstream turning. In the present study, we showed that a MAG
effectors to switch the growth cone turning response from repulsion gradient induced no preferential turning when the [Ca2]i
to attraction. rise was prevented by BAPTA-AM loading. This is con-
Ca2 Mediates MAG-Induced Growth Cone Turning
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sistent with the previous finding of the requirement for calized to the side of the growth cone facing the gradient
may activate other effectors, leading to local increaseextracellular Ca2 (Song et al., 1998). Second, MAG
should stimulate an elevation of [Ca2]i and a gradient in actin polymerization and attractive turning. Recent
reports have shown that PKC, Rho, and its effector Rho-of MAG should trigger a Ca2 gradient across the growth
cone. Our Ca2 imaging results indeed revealed that associated kinase are activated by MAG (Yamashita et
al., 2002; Sivasankaran et al., 2004). Whether Ca2-MAG induced [Ca2]i elevations and transient asymmet-
ric Ca2 signals across the growth cone. Third, directly dependent activation of these and other cytoskeletal
regulatory proteins may be responsible for mediatingraising [Ca2]i with appropriate patterns should be suffi-
cient for triggering either attractive or repulsive turning. repulsive and attractive turning remains to be deter-
mined.We demonstrated this by using an ionomycin gradient
in media containing different levels of [Ca2]o. These In summary, the present study has established that
cAMP-dependent modulation of MAG-induced growthlatter experiments further confirmed the notion sug-
gested by previous studies (Hong et al., 2000; Zheng, cone turning acts by modulating Ca2 signaling in the
growth cone and that the magnitude of focal Ca2 sig-2000) that a Ca2 gradient created upon different basal
levels of [Ca2]i can lead to opposite turning responses, nals determines the polarity of turning (see Figure 5D).
Elevating cAMP signaling pathways by compounds thatwith high [Ca2]i favoring attraction and low [Ca2]i fa-
voring repulsion. Bidirectional turning of these growth increase the cytoplasmic cAMP level has been shown
to promote neurite growth in vitro and axon regenerationcones induced by a netrin-1 gradient are known to be
mediatedbyCa2 signaling (Honget al., 2000; Nishiyama in several spinal cord injury models (Cai et al., 1999;
Neumann et al., 2002; Qiu et al., 2002), presumablyet al., 2003). Consistent with our present result that
cAMP acts by impinging on Ca2 signals, the netrin-1- through a mechanism similar to that shown by cAMP-
dependent switching of growth cone repulsion to at-induced bidirectional turning depends on modulatory
effects of the cAMP/cGMP ratio on the activity of Ca2 traction (Song et al., 1998). Our findings further suggest
that elevating Ca2 signals within the range that permitschannels at the growth cone (Nishiyama et al., 2003).
neurite growth (Henley and Poo, 2004) or activating their
downstream effectors may facilitate axon regenerationDistinct Ca2 Signals for Triggering
and functional recovery after nerve injury.Bidirectional Turning
A main conclusion of this work is that a repulsive factor
Experimental Procedureslike MAG can induce a gradient of Ca2 in the growth
cone, with Ca2 highest on the side facing the MAG Neuron Cultures and Growth Cone Turning Assay
source. We also showed that the level of Ca2 signal The methods follow those previously described (Ming et al., 2002).
in the growth cone induced by MAG determines the
Calcium Imagingdirection of the turning response. The latter finding is
See the Supplemental Data at http://www.neuron.org/cgi/content/consistent with the recent findings by Wen et al. (2004)
full/44/6/909/DC1.on bidirectional turning induced by focal Ca2 release
from a caged compound and further provides quantita-
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